Abstract-Ultraviolet nanoimprint lithography (UV-NIL) is a recently developed technology that allows low-cost nanofabrication. Bubble-free filling needs to be achieved to realize high-throughput mass production in UV-NIL. Although bubble-free filling can be accomplished by performing UV-NIL under vacuum, nonvacuum processes can lower equipment and operation costs. Polydimethylsiloxane (PDMS) is known as a gas transmittable materials due to its molecular feature and used for flexible molds in UV-NIL. In this work, we investigated the effects of UV-NIL using PDMS mold for filling behaviors and mold release force in different atmosphere. Bubble-free filling of UV-NIL was successfully demonstrated in air, and 1,1,1,3,3-pentafluoropropane (PFP) gas atmosphere. The average release force following UV-NIL in PFP was 8.14 N, which is 52 % smaller than that following UV-NIL in air. Fine nanopatterns with 250 nm width were successfully fabricated by UV-NIL in PFP atmosphere without any defects.
I. INTRODUCTION
Ultraviolet nanoimprint lithography (UV-NIL) [1] is a recently developed technology that allows low-cost nanofabrication. UV-NIL has strong potential for application in the production of MEMS/NEMS, large-scale integrated circuits and patterned media [2] . Bubble-free filling is an important issue for achieving high-throughput mass production using UV-NIL. Although bubble-free filling can be accomplished by performing UV-NIL under vacuum, nonvacuum processes are desirable because they lower equipment and operation costs. For this reason, UV-NIL using a quartz mold in a specific gas atmosphere in which bubbles are dissolved in a UV-curable resin [e.g., helium] or condensed rapidly (e.g., condensable gas) has been actively studied [3] [4] [5] . We have used 1,1,1,3,3-pentafluoropropane (PFP) in UV-NIL based on gas condensation. A PFP atmosphere not only is a potential means to achieve bubble-free cavity filling but also offers benefit of lowering the demolding forces to approximately one-third of those measured when filling is performed in air [6] .
Polydimethylsiloxane (PDMS) is known as a gas transmittable materials due to its molecular feature, and used for flexible molds in UV-NIL [7, 8] . However, the true characteristics of PDMS mold in UV-NIL are not known. Moreover, except in the case of using quartz mold, the effect of UV-NIL in PFP are not validated.
In this work, we investigated the effects of UV-NIL using PDMS mold. The cavity filling behavior of resin, pattern shrinkage ratio, mold release force, and nanopatterning under a PFP atmosphere are investigated.
II. EXPERIMENTS
Two types of PDMS (ShinEtsu KER-4690-A/B) molds of 10 × 10 mm 2 dimensions were prepared. One consisted of cavity patterns of 100 μm width and 325 nm depth to examine the filling speed of resin and the mold release force. The other consisted of nanopatterns of 250 and 500 nm width and 300 nm depth. A UV-curable resin (micro resist technology Ormoclear FX) was spin-coated on 4-in. silicon wafers. The measured thickness of the resin after UV curing was 1 μm. The silicon wafers with UV-curable resins were nanoimprinted using the mold with 100 μm cavities and the mold with nanopatterns, respectively. UV-NIL was carried out in air and PFP (HFC-245fa, CAS No. 460-3-1) using a UV-NIL stepper equipped with a gas introduction system as shown in Fig. 1 . The conditions used for UV-NIL were an imprint pressure of 0.1 MPa, a contact time of 10 s, an exposure dose of 1000 mJ/cm 2 , an exposure time of 10 s, and PFP flow rates of 1000 sccm. Filling behaviors of the resin in the mold cavities were observed with the built-in microscope (Luminas L-1) of the UV-NIL stepper, and images were obtained using an optical system (Keyence CV-2500) at a rate of 30 frames/s. The release force of each mold after the process was automatically monitored and logged by a control program of the UV-NIL stepper.
III. RESULT AND DISCUSSION
Figures 2 and 3 show optical microscope images of filling behaviors of UV-curable resin with nanoimprinting time in air and PFP atmosphere. Bubbles in 100-μm-wide cavities were completely eliminated within 0.9 s. The bubble elimination time of in air is comparable to that in PFP. 100-μm-wide square patterns were nanoimprinted without any defects as shown in Fig. 4 . Figure 5 shows the distributions of release forces needed to separate the resin and mold following UV-NIL in the different ambient gases. The average release forces were calculated from 10 imprinting operations. The average release force of UV-NIL in PFP was 8.14 N, which is about 52% smaller than that in air. The lower demolding force following UV-NIL in PFP compared with that in air is attributed to the formation of a condensed PFP layer with a very low surface tension of 13.58 mN/m between the PDMS mold surface and the resin that behaves as an anti-sticking layer.
Fine patterning test of UV-NIL was carried out using a PDMS mold in PFP and the results are shown in Fig. 6 . Fine nanopatterns were successfully fabricated by UV-NIL in PFP ambience as can be seen in the top and cross-sectional SEM images of 500 and 250 nm L/S patterns.
Filling behavior and mold release force in UV nanoimprinting using PDMS mold in different atmosphere
IV. CONCLUSION
We investigated the effects of UV-NIL using PDMS mold for filling behaviors and mold release force in different atmosphere. Bubble-free filling of UV-NIL was successfully demonstrated in air, and 1,1,1,3,3-pentafluoropropane (PFP) gas atmosphere. The average release force following UV-NIL in PFP was 8.14 N, which is 52 % smaller than that following UV-NIL in air. Fine nanopatterns were successfully fabricated by UV-NIL in PFP atmosphere as can be seen in the top and cross-sectional SEM images of 250 nm L/S patterns. We think that UV-NIL using PDMS in PFP is considered a powerful means of bubble free UV-NIL with low mold release. 
